The ParA family of ATPases is responsible for transporting bacterial chromosomes, plasmids and large protein machineries. ParAs pattern the nucleoid in vivo, but how patterning functions or is exploited in transport is of considerable debate. Here we discuss the process of self-organization into patterns on the bacterial nucleoid and explore how it relates to the molecular mechanism of ParA action. We review ParA-mediated DNA partition as a general mechanism of how ATP-driven protein gradients on biological surfaces can result in spatial organization on a mesoscale. We also discuss how the nucleoid acts as a formidable diffusion barrier for large bodies in the cell, and make the case that the ParA family evolved to overcome the barrier by exploiting the nucleoid as a matrix for movement.
Introduction
All organisms must segregate and properly localize DNA to ensure faithful inheritance of genetic material. In prokaryotes, low-copy-number genomes, including chromosomes and plasmids, employ active segregation, or partition (or Par), mechanisms. Sequence analyses show that Par systems are ubiquitous in the microbial world. For plasmids, Par systems are the primary segregation machinery, making them an excellent model for studying this process. In essence, Par is a transportation system for DNA. Indeed, the partition ATPase (usually called ParA, and we use this terminology throughout) that provides the energy for transportation is related to other ATPases that also localize components within a bacterial cell. Here we review these partition systems with particular emphasis on ParAs, which use the bacterial nucleoid as a surface for biological transport. We will argue that they are members of a larger family of proteins that have evolved to position large substrates (DNA, protein machineries or assemblages) and use the nucleoid as a spatial cue within the cell.
Partition loci in bacteria are minimalistic, encoding only three components -a cis-acting partition site and two trans-acting proteins. The partition site marks the DNA target to be segregated, and it is specifically bound by one of the proteins (often called ParB) to form a partition complex. The second protein is an NTPase that uses ATP or GTP binding and hydrolysis to drive the segregation reaction. A useful classification scheme of partition systems was established according to whether the NTPase contains Walker ATP-binding motifs (ParA), or resembles eukaryotic actin (usually called ParM) or tubulin (TubZ) (reviewed in Gerdes et al., 2010) . The ParM system is well understood from studies of R1 plasmid, in which actin-like filaments of ParM push plasmids to opposite cell poles through a mechanism of insertional polymerization. Because of the similarities to tubulin, the TubZ systems are also thought to use a filament-based mechanism, but this has yet to be confirmed.
ParA-mediated segregation systems are the most prevalent class in the microbial world, but their mechanism is not established and is the subject of considerable research and debate. Two competing models have emerged: one where ParA functions as a nucleoidspanning filament and another where ParA binds the nucleoid as dimers or small oligomers that function as part of a diffusion-ratchet mechanism. One of the central questions is whether ParAs act as cytoskeletal elements as do the actin-or tubulin-like systems. In light of recent evidence that the 'cytoskeletal' protein, MreB, does not form a continuous helical filament in vivo, we believe it prudent to re-evaluate observations of ParA behaviour in this context. In addition, most previous models for ParA action do not explain the requirement for ParA's DNA binding activity in the partition reaction. Here we summarize the debate about filamentation and argue that current evidence supports a model where ParA systems pattern via interactions with the bacterial nucleoid. In addition, we explore the role of the nucleoid in both promoting and restricting movement of large DNAs and protein complexes in the cell.
ParAs are members of a larger family of ATPases, defined by the specific variant of their Walker A sequences (Koonin, 1993) . It includes MinD, an ATPase required for localizing the Escherichia coli cell division machinery at mid-cell, and a growing list of ATPases involved in intracellular transport (see below). The similarities between ParA and MinD go well beyond the sequence level as suggested previously (Leonard et al., 2005a; Lutkenhaus, 2012) ; however, models do not highlight these shared features at the molecular level. We will expand on the common themes because we believe they are critical to understanding both mechanisms.
The debate about helices in vivo and filaments in vitro
MreB was the first actin-like protein reported to form a bacterial cytoskeleton made of long helical filaments that traverse the longitudinal axis of rod-shaped bacteria (Jones et al., 2001) . This arrangement was proposed to be responsible for the rod-shaped morphology of several bacterial species. However, several recent studies have challenged the contiguous and helical nature of MreB (reviewed in White and Gober, 2012) . Using total internal reflection fluorescence microscopy (TIRFM), functional GFP fusions of MreB were observed to form discrete but dynamically rotating patches around the cell circumference (Domínguez-Escobar et al., 2011; Garner et al., 2011) . MreB rotation did not depend on its own polymerization, but required the assembly of the peptidoglycan cell wall (van Teeffelen et al., 2011) . These analyses demonstrated how small MreB foci can be misinterpreted as a long helical filament by conventional epifluorescence microscopy. The helical patterns are likely streaks caused by the rapid movement of small complexes over long exposure times. Furthermore, electron cryotomography of six different rod-shaped bacterial species did not find any long helical filaments (Swulius et al., 2011) . The latter approach has recently demonstrated that a YFP-MreB fusion forms filaments but native MreB does not (Swulius and Jensen, 2012) . Indeed, Landgraf et al. (2012) have shown that some fluorescent tags can produce anomalous aggregation (in this study, as foci) that can be misinterpreted as the pattern of the native proteins. The studies strongly suggest that MreB does not form a cell-spanning cytoskeletal structure and raise the likely possibility that many, or perhaps all, helical patterns (including those formed by some ParAs and MinD; see below) are the result of a protein's concentrated diffusion within the accessible cytosolic volume between the inner membrane and the nucleoid, which can have a twisted ultrastructure (see below).
The evidence for helical structures of ParAs and MinD has also come from epifluorescence microscopy. ParA coils were limited to the nucleoid region of the cell (Ebersbach and Gerdes, 2004; Adachi et al., 2006; Ebersbach et al., 2006; Fogel and Waldor, 2006; Hatano et al., 2007; Pratto et al., 2008; Ringgaard et al., 2009) , and MinD coils extended from cell pole to pole (Shih et al., 2003) . These observations led to a 'filament-pulling' partition model, in which ATP-bound ParA polymerizes into helical filaments. When a filament end encounters a ParB-bound plasmid, the reaction reverses into filament disassembly, which pulls the plasmid towards the nucleoid pole (Ringgaard et al., 2009) . Perpetual polymerization/depolymerization cycles result in continuous relocation of plasmids. However, these activities have yet to be directly demonstrated. Other structures have also been observed by fluorescence microscopy. Caulobacter crescentus ParA forms linear, not helical, structures (Ptacin et al., 2010) . It remains to be determined whether these accurately reflect the dynamic properties of the ATPase.
Several ParAs form linear filaments in vitro, which have been interpreted to represent the in vivo helical structures that wrap around the circumference of the nucleoid (Ebersbach and Gerdes, 2004; Hatano et al., 2007; Ringgaard et al., 2009) . We note that MreB also formed long filaments in vitro (reviewed in Shaevitz and Gitai, 2010) . The conditions for polymerization of ParAs vary dramatically among Par systems (see Table S1 ) and a common set of properties has yet to emerge. How the conditions for in vitro filament formation relate to ParA function in vivo remains to be clarified.
Par proteins exploit the nucleoid for plasmid movement
There is compelling evidence that the bacterial nucleoid is important for the partition reaction. ParAs possess nonsequence specific DNA binding activity. In vivo, the vast majority of non-specific DNA ('nsDNA') is in the form of the bacterial nucleoid. Several fluorescent versions of ParAs (P1 ParA, F SopA, pB171 ParA, pSM19035 d, Vibrio cholerae ParAI and Bacillus subtilis Soj) form a variety of dynamic patterns that colocalize with the nucleoid (Marston and Errington, 1999; Quisel et al., 1999; Ebersbach et al., 2006; Lim et al., 2005; Fogel and Waldor, 2006; Hatano et al., 2007; Pratto et al., 2008; Ringgaard et al., 2009; Hatano and Niki, 2010) . In the absence of their cognate ParBs, the dynamic patterns are lost but the nucleoid association remains. Plasmid movement is also restricted to within the nucleoid region by ParA (Erdmann et al., 1999; Ebersbach and Gerdes, 2004; Derman et al., 2008; Ringgaard et al., 2009 ).
Finally, mutations that damage ParA's DNA binding activity are defective for partition in vivo (Hester and Lutkenhaus, 2007; Castaing et al., 2008) .
In vitro, ParA binds directly to nsDNA, and this activity requires or is enhanced by ATP for all ParAs studied (Leonard et al., 2005b; Bouet et al., 2007; Hester and Lutkenhaus, 2007; Castaing et al., 2008; Pratto et al., 2008; Hui et al., 2010; Ptacin et al., 2010; Vecchiarelli et al., 2010) . A C-terminal patch of basic residues has been implicated as the nsDNA-binding interface in several ParAs (Hester and Lutkenhaus, 2007; Castaing et al., 2008; Soberón et al., 2011) . We have used TIRFM to directly visualize P1 ParA binding to nsDNA (Vecchiarelli et al., 2010) . In the presence of ATP, ParA-GFP bound to DNA as many separate clusters. No extended ParA filaments were observed. By comparing the dynamics of nucleotide-induced structural changes in ParA to its DNAbinding kinetics, we identified an ATP-specific conformational change that was coupled to its DNA-binding activity in vitro and to partition activity in vivo. We called the nsDNA-binding form ParA-ATP*, which we believe represents the form of ParA bound to the nucleoid in vivo.
What happens when nucleoid-bound ParA and plasmid-bound ParB meet? Cognate ParBs and their binding sites are required for nucleoid patterning by ParAs, and this activity is driven by ParB stimulation of ParA ATPase activity (Marston and Errington, 1999; Quisel et al., 1999; Autret et al., 2001; Ebersbach et al., 2006; Lim et al., 2005; Barilla et al., 2007; Pratto et al., 2008; Ringgaard et al., 2009) . The evidence suggests nucleoid patterning results from ParA release in the vicinity of the plasmid following a ParA-ParB interaction. However, little is known about the species of ParA colocalized with its cognate partition complex prior to release. Recent examinations of the Par proteins from P1 (ParA and ParB) and pSM19035 (d and w) with nsDNA in vitro have provided clues on how a dynamic plasmid-nucleoid association can be promoted in vivo (Soberón et al., 2011; Havey et al., 2012) . For both systems, a large DNAbridging complex formed, whose properties support the idea that it represents a plasmid-nucleoid interaction. First, although complex assembly occurred on nsDNA, the cognate partition site significantly stabilized the association. Second, complex assembly required ATP binding, and disassembly was coupled to ParB-stimulated ATP hydrolysis. In the P1 system, we called this complex the Nucleoid-Adaptor Complex or NAC (Havey et al., 2012) . For pSM19035, the bridging complex was interpreted as being capable of pairing newly replicated plasmids as well as forming a NAC-like complex that bridges plasmid and nucleoid (Soberón et al., 2011) .
A direct role for the nucleoid in partition seems to be a feature that has evolved specifically in ParA-mediated partition systems. Actin-like and tubulin-like partition NTPases do not appear to colocalize with the nucleoid (Moller-Jensen et al., 2002; Garner et al., 2004; Salje et al., 2009) . In vitro, actin-like ATPases have not been shown to have an affinity for nsDNA (Møller-Jensen et al., 2003) nor do they require an association with DNA for their partition functions in a cell-free system (Garner et al., 2007) .
Similarities among Par and Min systems
Nucleoid patterning by ParAs is reminiscent of membrane patterning by the E. coli MinCDE system, which imparts positional information for cell division so that the septum forms at mid-cell (reviewed in Lutkenhaus, 2007) . The remarkable aspect of the Min system is its ability to inhibit division everywhere but at mid-cell as a result of the system oscillations on the membrane. MinD forms a complex with the cell division inhibitor, MinC, and recruits MinC to the membrane. Membrane binding by MinD requires ATP and is controlled by MinE, which stimulates MinD's ATPase activity and releases MinD from the membrane. In the absence of its ATPase activity or MinE, MinD uniformly binds the membrane (Raskin and de Boer, 1999) , akin to how ParAs uniformly bind the nucleoid when its ATPase activity or cognate ParB is removed.
As ParAs and MinD were first grouped by their ATPbinding motifs, further comparisons yielded a remarkable number of shared features. The structures of MinD and all ParAs to date (MipZ of C. crescentus, Soj of Thermus thermophilus, pSM19035 d, P1 ParA, TP228 ParF) show a high degree of similarity (Leonard et al., 2005b; Pratto et al., 2008; Dunham et al., 2009; Wu et al., 2011; Kiekebusch et al., 2012; Schumacher et al., 2012) . ParA and MinD have weak ATPase activity that is stimulated by a support 'matrix' (DNA and membrane respectively), and by a stimulator protein (ParB and MinE respectively). Both bind their respective matrix as ATP-bound dimers, and interaction with the stimulator is likely coupled to matrix release. Both interact with the N-terminus of the stimulator protein, and use C-terminal domains for matrix bindingan amphipathic helix for membrane binding by MinDs (Szeto et al., 2002) , and a patch of basic residues for nsDNA binding by ParAs (Hester and Lutkenhaus, 2007; Castaing et al., 2008; Soberón et al., 2011) . The last distinction allows MinD to pattern the membrane and ParAs to pattern the nucleoid.
Patterning via a diffusion-ratchet mechanism
The patterning mechanisms for ParA and MinD are likely similar although the support matrices differ. A key question is how the ATPases can dynamically and asymmetrically distribute on the support matrix on a mesoscale? In other words, following release from the matrix after ATP hydrolysis, how do ParA and MinD rebind several microns away instead of in the physical proximity from which dissociation occurred? Current evidence indicates that positional markers (i.e. a tether) are not necessary for patterning. Consequently, Min and Par systems are referred to as 'self-organizing' because the dynamic behaviour is solely a result of the interplay among the system components and a support matrix.
A key feature of self-organization is energy consumption, such as nucleotide hydrolysis, which allows for dynamic behaviour at steady state. For the P1 Par system, a key early step is the ATP-dependent conformational change necessary to convert ParA to its nsDNA binding form (Fig. 1A) (Vecchiarelli et al., 2010) . This step is very slow, which, in vivo, would create a time delay between the moment ParA releases from the nucleoid following ATP hydrolysis, and the reacquisition of its nucleoid-binding form. This delay is long enough for ParA to diffuse throughout the cell and the biochemical timing mechanism allows ParA to rebind any region of the nucleoid with equal probability rather than rebinding in the physical proximity from which it was released. ParB stimulation of ParA ATPase activity is localized to the vicinity of the plasmid, and coupled with the biochemical time delay in nucleoid rebinding by ParA, establishes mesoscale patterning of ParA on the nucleoid surface. Short-range release and long-range nucleoid rebinding sets up a continual redistribution of ParA, which we have proposed is the ATP-driven force for plasmid movement. In this 'diffusion-ratchet' mechanism, the plasmid ratchets along the nucleoid towards a higher local ParA concentration (Fig. 1) ; the plasmid essentially 'surfs' across the nucleoid following a wave of ParA. We note that in this model the time delay is key, but it is not necessarily a conformational change in the ParAs of other systems. Any step following ATP hydrolysis and dissociation of ParA from the DNA, if slow, could fulfil this requirement. Finally, the model does not preclude a role for ParA polymerization (just not as a self-supporting filament). For example, the clusters of ParA observed binding to DNA in TIRFM experiments could be dimers, short polymers, or oligomers, and this cooperativity may play a role in the interaction of ParA with the nucleoid.
MinD/MinE patterning on lipid bilayers in vitro has provided a mechanistic framework to explain Min system oscillations (Loose et al., 2008; Ivanov and Mizuuchi, 2010) . In vivo, MinD-ATP forms a polar zone on the membrane and recruits MinE (Fig. 1B) . At the cell pole, the MinE/MinD ratio is low and MinE cannot counteract MinD membrane binding. At the edge of the MinD polar zone (or the trailing edge of the wave in cell-free systems), the MinE/MinD ratio builds to a point where MinE stimulation of MinD release dominates. A key feature in the patterning mechanism lies, as with ParA, in a critical time delay: the rebinding time differential between the ATPase and its matrix. Mathematical models have highlighted the importance of a time delay in MinD membrane binding activity, and the delay was hypothesized to result from nucleotide exchange by MinD (Meinhardt and de Boer, 2001; Huang et al., 2003) . However, a biochemical basis for the delay has yet to be found experimentally. While the delay allows MinD to diffuse away, MinE can immediately rebind a nearby membrane-bound MinD (Loose et al., 2011) . This 'persistent binding' by MinE is consistent with the MinD/MinE co-crystal structure that suggests a 'Tarzan' model where MinE swings from one membrane-bound MinD dimer to the next (Park et al., 2011) . Persistent binding by the stimulator protein is an attractive addition to the ParA-mediated partition mechanism (Fig. 1C) . Persistent binding is favoured by multiple ParBs bound to the plasmid cargo. Following ParBstimulated release of ParA-ADP, it is also possible that ParB immediately binds an adjacent ParA-ATP dimer on the nucleoid. The fate of ParB after interaction with ParA is currently unknown, but persistent binding would explain how ParB senses the nucleoid-bound ParA gradient, and maintains a dynamic bridge between nucleoid-bound ParA and plasmid.
Important questions still remain. The filament-pulling and diffusion-ratchet models describe plasmid transport, but neither has been fully developed experimentally to explain how replicated plasmids are separated bidirectionally, or why longitudinal, as opposed to transverse, movement occurs. We anticipate that an improved understanding of the interplay between ParA and ParB at the partition complex will shed light on these aspects of the mechanism. Notably, helical structures are not required for Min patterning on a supported lipid bilayer, nor are they necessary to impart directionality in the diffusion-ratchet model of ParA-mediated partition (Fig. 1A) . In addition, the bacterial nucleoid is not simply an inert support for ParAs; its structure, surface and dynamics must be considered in the mechanisms of transport. We next briefly explore some of the properties of the nucleoid that are important for partition and related transport processes.
The nucleoid-cytoplasm interface
Visualizing nucleoid structure and its interface with the cytoplasm under near-native conditions is essential to understanding how it could act as a support matrix for transport. The E. coli nucleoid contains a chromosome that is compacted~1000-fold or more (Holmes and Cozzarelli, 2000) , and confined to only 25% of the intracellular volume of a roughly 1 mm by 3 mm rod-shaped cell (Zimmerman, 2006) . Nucleoid morphology has been analysed using cryoelectron microscopy of vitreous sections for several bacterial species (reviewed in Eltsov and Zuber, 2006) . During active growth, all nucleoids generally show a dense core with multiple arms projecting outward towards the cytoplasmic periphery. More recently, it has been shown that nucleoid ultrastructure can adopt a distinct coiled spiral organization in both Gram-negative bacteria by cryo-electron tomography (Butan et al., 2010) and Gram-positive bacteria by fluorescence microscopy (Berlatzky et al., 2008) . The ordered core of the nucleoid is starting to take shape, but highly dynamic regions, namely the nucleoid-cytoplasm interface, remain unresolved. , which licenses MinE to also bind the membrane (MinE*). MinD ATPase activity is stimulated by MinE*, clearing MinD-ADP from the membrane. MinE* immediately re-associates with a neighbouring MinD dimer. MinD exchanges ADP for ATP, dimerizes and potentially undergoes further conformational changes that allow MinD to diffuse before re-associating with the membrane. At the wave front, the MinE : MinD ratio is low. While MinD is being released, MinE persistently re-associates with adjacent MinD dimers, thus increasing the MinE : MinD ratio towards the wave rear. At the wave rear, there is no available MinD for MinE to rebind, so both proteins release. C. Persistent binding model for ParB. The ParA-ParB association produces ParA-ADP, which cannot bind the partition complex or nucleoid, and is consequently released into the cytoplasm. ParB on the other hand remains competent for immediate rebinding to another nucleoid-bound ParA dimer.
Does the nucleoid have a definable surface? How far into the cytoplasm can the nucleoid extend? How does DNA metabolism interfere with surface topology of the nucleoid? Ribosomes strongly concentrate in the cytoplasmic periphery, suggesting the nucleoid is a cellular 'phase' (Robinow and Kellenberger, 1994; Lewis et al., 2000; Mascarenhas et al., 2001; Cabrera and Jin, 2003; Butan et al., 2010; Wang et al., 2011) . Evidence also shows that the cytoplasm-nucleoid boundaries are dynamic (Zimmerman, 2006) . For instance, upon transition to stationary phase or when treated with chloramphenicol, the nucleoid rearranges into spherical/toroidal bodies. Visualization of consistent patterns has proven difficult, but recent advances in high-resolution microscopy (Lee et al., 2011; Wang et al., 2011) show promise in resolving nucleoid structure and its interface with the cytoplasm.
Nucleoid exclusion
Passive diffusion is a key contributor to macromolecular movement in bacterial cells. Experimental diffusion coefficients have been measured between 0.2 and 10 mm 2 s -1 for proteins (10-100 kDa) in the cytoplasm of E. coli (reviewed in Mika and Poolman, 2011) . A general decrease of mobility with increasing protein size is observed. Macromolecular crowding in bacterial cells is extreme; high crowding lowers mobility, and reduces the reorganization of cellular components, but also favours self-and re-association of molecules. For instance, GFP (~27 kDa) can diffuse from one cell pole to the other iñ 0.5 s in E. coli. As cytoplasmic volume decreases (for example, by changing salt concentrations), GFP mobility slows by several orders of magnitude and can even become compartmentalized (Van Den Bogaart et al., 2007; Konopka et al., 2009) . Under hyperosmotic conditions, it has been postulated that the cell membrane pushes against the compacted nucleoid, forming a barrier in the cell that restricts macromolecular diffusion and results in separated pools of GFP. The high excluded volume of the bacterial cytoplasm in combination with the nucleoid acting as a formidable diffusion barrier are likely contributors to the anomalous diffusion of large intracellular bodies in bacteria. Therefore, understanding plasmid diffusion, especially that of very large plasmids, has important implications for the partition mechanism.
Without a Par system, plasmids are mainly at the poles or in the cytosolic space between nucleoids. In other words, the plasmids are 'excluded' from the nucleoid, which is the passive effect of the nucleoid as a diffusion barrier. In filamentous cells with increased cytosolic space, plasmids are found throughout the cytoplasm rather than at the poles, which is also consistent with a passive exclusion from the nucleoid (Erdmann et al., 1999; Ringgaard et al., 2009) . Similar nucleoid exclusion has been observed for large protein complexes, such as the hybrid polyketide/non-ribosomal peptide synthetase in B. subtilis that assembles into a 2.5 MDa organelle-like structure (Straight et al., 2007) .
Nucleoid exclusion can passively create polar asymmetry. For instance, nucleoid exclusion of protein aggregates has recently been shown to play a key role in the mechanism of bacterial ageing (Winkler et al., 2010) . Over time, denatured proteins diffuse freely and associate with a nucleoid-excluded aggregate typically at a cell pole. Following cell division, one cell is burdened with the asymmetric inheritance of the majority of mis-folded proteins, while the other cell is 'rejuvenated'. Through successive divisions, the diffusion barrier causes the mother to age and all daughters to be rejuvenated. It is possible that nucleoid exclusion also creates polar asymmetry in the inheritance of large plasmids lacking a Par system. Because most naturally occurring bacterial plasmids are relatively large, nucleoid exclusion would be expected to exert pressure to evolve an active segregation system. However, a systematic study on the diffusion characteristics of differently sized plasmids, or large protein complexes, has yet to be performed.
Overriding nucleoid exclusion
In addition to DNA cargo, ParA-like proteins have been found to position a growing number of large protein machineries (Table 1) . Some have been called ParA, although we suggest this nomenclature (ParA) be restricted to 'DNA partition' proteins and that other ATPases be named for function and phenotype. In the examples listed in Table 1 , dynamic patterning of a matrix (nucleoid or membrane) has not typically been examined, but we predict this property will show ATP dependence as with ParA and MinD. In addition, the identity of a stimulator protein has not always been identified (most are called 'orphan ParAs' without an obvious ParB equivalent). As a recent example, Rhodobacter sphaeroides PpfA has been shown to use the nucleoid to segregate and position cytoplasmic chemotaxis clusters in a manner that is reminiscent of ParA-mediated plasmid partition ( Fig. 2A) (Roberts et al., 2012) . Intriguingly, the stimulator protein, TlpT, is a physical part of the chemotaxis cluster being transported, and although unrelated to ParBs, its N-terminus is essential for PpfA interaction and cluster transport.
At first glance, few similarities among the positioned substrates are apparent: they can be DNA or protein, the biological processes in which they participate are diverse, and their final position site can be mid-cell, the poles, or longitudinally equidistant to each other. The one unifying feature, however, is size; they are all very large macromolecular complexes. We propose ParAs facilitate the transport of large bodies over and/or across the nucleoid using the nucleoid as a support matrix, and by a common type of patterning mechanism, as discussed above.
Recently, it has been proposed that ParAs that localize their cargo to the poles use a 'landmark' mechanism that is different from the mechanism that positions cargo longitudinally equidistant to each other (Lutkenhaus, 2012) . However, we do not see these processes as mutually exclusive, and suggest that the basic ParA/MinD-driven motion can be similar for both cases. When a polar tether is present, the processes of segregation and positioning are separable, that is, the ATPase transports the substrate and the tether maintains position (Fig. 2B) . The clearest and most recent examples come from chromosome segregation studies in C. crescentus. After DNA replication initiates at the cell pole, one ParB-parS complex comes into contact with nucleoid-bound ParA (Ptacin et al., 2010) . ParB stimulates ATP hydrolysis, which releases ParA from the nucleoid while the ParB-parS complex ratchets across the nucleoid to the other pole. The ParB-parS complex and ParA are maintained at the new pole by the proteins PopZ and TipN respectively (Schofield et al., 2010) . Strikingly, when polar associations are damaged, ParA can redistribute on the nucleoid leading to system oscillations not unlike those observed for ParA-mediated plasmid partition. Removal of the ATPase, with or without a polar tether, results in nucleoid exclusion of the cargo (Fig. 2C) . A. Without a tether, multiple substrates are separated and positioned longitudinally equidistant to each other. B. With a polar tether (X), the substrate segregates and one copy is transported across the nucleoid and tethered to the opposing pole. C. Without active transport, nucleoid exclusion passively maintains the substrate at one pole.
Summary
The increasing scope of positioned substrates directed by the ParA/MinD superfamily of ATPases has raised interest in understanding the novel mechanism of transport. The 'surfing' mechanism is inherently different from the classical motor protein or the actin/microtubule types of transport. Although we have focused on the ParA/MinD family, mechanistically related systems may involve unrelated ATPases. Indeed, ATP-driven DNA transposition systems have recently been proposed to position transposon DNA onto its target DNA via a diffusion-ratchet mechanism . Current models recognize patterning on biological surfaces as a critical feature, but the question of how the ATPase interacts with its matrix to generate a pulling force for cargo movement will be a major subject for future study. In vitro reconstitution of bacterial DNA segregation will be vital in settling whether continuous ParA polymers and/or helical structures are indeed involved in the system dynamics. Most bacterial chromosomes encode par systems and virtually all have their cognate partition sites located near the origin of replication. It is attractive to speculate that origin segregation is similar to plasmid partition whereby the replicated origins 'surf' on the nucleoid in a manner analogous to plasmids. Segregation of the remaining chromosome may follow the origin by other mechanisms. Not all large intracellular bodies have dedicated mechanisms for active transport and, to our knowledge, a systematic study on the diffusion characteristics of 'massive' bodies (megadaltons or greater) in bacteria has not been performed. Recent studies on the mitochondrial nucleoid and its influence on the positioning of large complexes have also asked if size matters (reviewed in Bogenhagen, 2012) . We believe it does, and it is our expectation that surface-mediated biomolecular patterning will become an emerging theme for intracellular transport of large bodies in cells of all kingdoms of life. mann, U., Sourjik, V., et al. (2010) 
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